correlated with spindle checkpoint activation (Wu et al., 2000) . Collectively, these results have suggested that BubR1 kinase is likely to be essential for the mitotic checkpoint, although this view has been challenged. Loss of checkpoint signaling following partial depletion of it from Xenopus egg extracts has been reported to be restored by BubR1 mutants without kinase activity .
To test how BubR1 participates in kinetochore-dependent checkpoint signaling, we have now used Xenopus egg extracts and reconstruction with purified components to establish that CENP-E-dependent activation of the BubR1 kinase activity is required for checkpoint signaling by unattached kinetochores.
Results

Xenopus BubR1 Kinase Activity Is Directly Stimulated by CENP-E In Vitro
The 1040 amino acid Xenopus BubR1, including a predicted COOH-terminal kinase domain that is only distantly (21% sequence identity) related to the Bub1 kinase, was purified as a glutathione S-transferase (GST) fusion protein following expression in E. coli ( Figure 1A the CENP-E kinase activities ( Figure 1C, lane 4) . Thus, we conclude that the observed CENP-E-dependent kinase activity is from BubR1 and that our BubR1 antibody inhibits the BubR1 kinase activity. To determine if the kinetochore localization of CENP-E BubR1 antibody inhibits BubR1 kinase activity. To further verify that BubR1 kinase activity in egg was mediated through the interaction with BubR1, mitotic chromosomes were assembled after addition of extracts with unattached kinetochores is dependent on CENP-E, GST-tagged BubR1, which complements the sperm nuclei and nocodazole to egg extracts. Immunofluorescence staining revealed CENP-E colocalized with checkpoint after depletion of endogenous BubR1 (Figure 2I , lanes 4-6), was added to BubR1-depleted exBubR1 at unattached kinetochores ( Figure 2E ). After BubR1 depletion, neither BubR1 nor CENP-E could be tracts. BubR1 was immunoprecipitated using a GST antibody and assayed for kinase activity. Consistent with detected at kinetochores ( Figure 2F ). Upon addition to BubR1-depleted extracts, both wild-type BubR1 and CENP-E immunoprecipitation, only the immunoprecipitates from checkpoint-activated extracts were capable BubR1 1-742 efficiently bound to unattached kinetochores ( Figures 2G and 2H ), but only wild-type BubR1 restored of efficiently phosphorylating exogenous substrates like histone H1 ( Figure 3D, lane 3) . Similar amounts of BubR1 CENP-E kinetochore association ( Figure 2G ).
Whether the interaction between BubR1 and CENP-E recombinant protein were found in immunoprecipitates from extracts without unattached kinetochores (either is essential for mitotic checkpoint signaling was tested 5B, lanes 7-9), even though Mad2 was recruited to norThis partially restored the checkpoint ( Figure 4F ). Furmal levels ( Figure 5D ). Thus, BubR1 appears necessary ther, the checkpoint was fully maintained for at least for two distinct roles in mitotic checkpoint signaling: 60 min when the proportion of kinase active BubR1 one is a catalytic one, requiring the kinase, while the was raised to 20% the normal level, but again only other requires normal levels of BubR1 with an intact in the presence of kinase inactive BubR1 added to at Mad3 domain (with or without a functional kinase acleast 80% of the initial level of endogenous BubR1 (Figtivity) . ure 4H). Checkpoint restoration required CENP-E. When both BubR1 and CENP-E were depleted, neither wildInactivation of BubR1 Kinase Activity Silences type BubR1 alone nor 20% wild-type BubR1 plus 80% Checkpoint Signaling KD-BubR1 restored the checkpoint unless recombinant It has previously been shown that binding to CENP-E CENP-E was also restored to the extracts (Supplemental of an antibody (␣-CENP-E tail ) raised against the carboxy- Figure S2) .
terminal rod and tail portions silences checkpoint signalThe amino terminus of BubR1 contains a 200 amino ing in Xenopus egg extracts without removing or reducacid domain of high-sequence homology with yeast Mad3 (Figure 5A ) that includes a binding site for Cdc20
ing CENP binding at kinetochores (Abrieu et al., 2000) . al., 1994), while BubR1 kinase is activated only in mitosis BubR1 kinetochore localization, but not its kinase activ-(both as we have shown here in egg extracts and preity, is required for CENP-E kinetochore association. (2) viously shown in mammalian cells [Chan et al., 1999] ).
Immunodepletion of CENP-E from Xenopus egg extracts
From this, and the one-to-one correspondence of a does not affect BubR1 kinetochore association, alBubR1 kinase domain and CENP-E, we propose that CENP-E is the cyclin for BubR1 kinase. though extracts fail to arrest in response to spindle dam-
